Introduction {#sec1}
============

Cancer was previously thought to be a cell-autonomous disease. This cancer cell-centric perspective has been significantly modified recently by incorporation of the concept of immunosurveillance, largely due to the recent success of immunotherapy with immune checkpoint blockers (ICBs).[@bib1], [@bib2], [@bib3], [@bib4] It is now clear that naïve tumor cells can be effectively eliminated by the immune system except for those that successfully dodge the immune attack and establish an immunosuppressive microenvironment.[@bib1], [@bib2], [@bib5], [@bib6] During this process, tumor cells initiate pathological manifestations and eventually become malignant.[@bib1], [@bib2] Such an evolutional process has been delineated by studies of immuno-competent syngeneic tumor models, in which the immune system protects the host from oncogenesis and shapes the immunogenicity of progressive tumors.[@bib1] The highly dynamic immunosurveillance process comprises three phases: (1) removal of emerging tumor cells by the immune system (elimination); (2) failure of the elimination phase, leading to tumor dormancy (equilibrium) and the development of immunogenic stress that shapes genetically vulnerable tumors (editing); and (3) selection of tumor cell variants that cannot be recognized or eliminated by the immune system (escape).

Compromised immunosurveillance in the tumor microenvironment {#sec2}
============================================================

Tumor development is not only driven by activation of oncogenes and inactivation of tumor suppressors, but also by alterations in the tumor microenvironment (TME), as indicated by altered density and composition of immune infiltrates in tumors.[@bib7] The elimination and equilibrium phases of immunosurveillance are mediated by cytotoxic T lymphocytes (CTLs), type I helper (Th1) CD4+ T lymphocytes, and natural killer (NK) cells. The escape phase is characterized by diminishing of immune infiltrates and accumulation of cells that suppress anticancer immunity, such as regulatory T cells (Tregs) and immunosuppressive myeloid cells.[@bib8] These alterations reflect the ability of tumors to generate immunosuppressive signals and foster immunosuppressive cells in the TME.

In anticancer immune response, CTLs utilize T cell receptor (TCR) and CD8 to recognize antigens presented by major histocompatibility complex (MHC) class I molecules on the plasma membrane of tumor cells, leading to release of perforin-1 (PRF1) and granzyme B to induce cytotoxicity.[@bib9] CTLs also suppress tumor growth by releasing interferon γ (IFNγ), an immuno-stimulatory cytokine.[@bib10] Th1 CD4+ T lymphocytes recognize antigens presented by MHC class II molecules on the plasma membrane of target cells through TCR and CD4, and release a variety of immuno-stimulatory cytokines such as IFNγ and interleukin-2 (IL-2).[@bib11] Upon the activation of NK cells, cancer cells lose inhibitory signals and present ligands to NK cell-activating receptors including CD226 and KLRK1 (killer cell lectin-like receptor subfamily K, member 1).[@bib12] CTLs and Th1 CD4+ T lymphocytes are actively involved in local immunosurveillance, while NK cells primarily defend against tumor metastasis.[@bib12] Under the immunological stress from CTLs, target cells lose the expression of MHC class I molecules and become vulnerable to NK cells. An optimal TME is infiltrated by a mixture of CTLs, Th1 CD4+ T lymphocytes and NK cells.

An effective antitumor immune response is often triggered by a combination of lymphocytes and a subset of dendritic cells (DCs).[@bib13], [@bib14] CD8α+CD134 + DCs first engulf fractions of cancer cells, process them, and then present tumor-associated antigens to CTLs, leading to cross-priming of CD8+ T cells and anticancer immunity.[@bib15] In addition, DCs have a crucial immuno-modulatory effect on Th1 CD4+ T lymphocytes and NK cells.[@bib16] Accumulating evidence suggests that reactivation of immunosurveillance is critical for better prognosis and improved patient survival, which can be achieved by using agents that induce immunogenic cell death in tumor cells.

Immunogenic cell death in cancer cells {#sec3}
======================================

Immunogenic cell death (ICD) is a type of tumor cell death which primes an anticancer immune response.[@bib17] A variety of chemotherapeutic agents can induce ICD, as indicated by the alterations in TIL abundance and composition, which is a marker of favorable prognosis.[@bib7] For example, in response to anthracyclines or oxaliplatin treatment, breast and colorectal cancer patients have increased numbers of TILs and higher ratio of CD8+ CTLs *vs.* FOXP3+ Tregs, leading to favorable therapeutic response.[@bib18], [@bib19], [@bib20], [@bib21], [@bib22] ICD is defined by two criteria. First, tumor cells succumbing to ICD *in vitro* without any adjuvant can trigger antitumor immunity that protects mice against a subsequent challenge with live tumor cells of the same type.[@bib17] Second, ICD induced *in vivo* can stimulate local antitumor immunity, which is characterized by attracting immune effector cells into the TME, leading to tumor suppression that at least partially relies on the immune system.[@bib23], [@bib24] In response to ICD-inducing chemotherapeutics, tumor cells expose CRT on cell surface prior to death, and release damage-associated molecular pattern (DAMP) molecules such as ATP during apoptosis or HMGB1 upon secondary necrosis. These DAMPs stimulate the recruitment of DCs into the tumor bed, the uptake and processing of tumor antigens, and the optimal antigen presentation to T cells. Cross-priming of CD8+ CTLs is triggered by mature DCs and γδ T cells in an IL-1β- and IL-17-dependent manner. Primed CTLs then elicit a direct cytotoxic response to kill remaining tumor cells through the generation of IFN-γ, perforin-1 and granzyme B ([Fig. 1](#fig1){ref-type="fig"}). Therefore, the hallmarks of ICD include calreticulin (CRT) plamsa-membrane translocation, extracellular ATP and/or HMGB1 release, and stimulation of type I interferon (IFN) responses.[@bib25], [@bib26], [@bib27], [@bib28]Figure 1**Mechanism of immunogenic cell death (ICD).** In response to ICD-inducing chemotherapeutics, tumor cells expose CRT on their surface at a pre-apoptotic stage, secrete ATP during apoptosis, and release HMGB1 during secondary necrosis. These damage-associated molecular pattern (DAMP) molecules liberated from dying tumor cells stimulate the recruitment of DCs into the tumor bed, the uptake and processing of tumor antigens, and the optimal antigen presentation to T cells. However, the binding of cell-surface CD47 to SIRP$\alpha$ on DCs inhibits their phagocytic function. Phagocytosis of tumor cells requires both the activation of pro-phagocytic signals as well as simultaneous disruption of the anti-phagocytic signal CD47. Cross-priming of CD8+ CTLs is triggered by mature DCs and γδ T cells in an IL-1β- and IL-17-dependent manner. Primed CTLs elicit direct cytotoxic response and kill remaining tumor cells through the generation of IFN-γ, perforin-1 and granzyme B.Figure 1

Cell-surface CRT as a key pro-phagocytic signal {#sec3.1}
-----------------------------------------------

ICD induced by chemotherapeutics often involves endoplasmic reticulum (ER) stress, which promotes translocation of CRT from ER lumen to the outer leaflet of plasma membrane.[@bib29], [@bib30] This occurs prior to membrane exposure of phosphatidylserine (PS), a marker of apoptosis.[@bib30] Upon treatment with the ICD-inducing chemotherapeutics such as anthracyclines or oxaliplatin, ER stress is initiated through phosphorylation of eukaryotic translation initiation factor 2α (eIF2α) by PKR-like ER kinase (PERK). This leads to subsequent signaling events including caspase-8-dependent proteolysis of the ER protein BAP31, activation of pro-apoptotic proteins BAX and BAK, translocation of CRT from the ER to Golgi apparatus, and exocytosis of CRT-containing vesicles, eventually leading to SNARE-mediated relocation of CRT onto cell surface.[@bib30] Production of reactive oxygen species (ROS) and nitric oxide facilitates the anthracycline-induced CRT exposure.[@bib30], [@bib31]

CRT exposure is essential as an ER immunogenic signal for the induction of tumor-associated immune responses.[@bib28] Pharmacological or genetic inhibition of the ER stress response pathway abrogates CRT translocation and attenuates the immunological effects of cytotoxic chemotherapeutics.[@bib30] Suppression of CRT exposure and ICD also abolishes the activity of dying tumor cells as a vaccine to trigger an anticancer immune response.[@bib29], [@bib30], [@bib32] Conversely, administration of recombinant CRT to the plasma membrane of cells treated with a non-ICD inducer (e.g., cisplatin) could reinstate ICD.[@bib30], [@bib32] CRT is functionally considered as an "eat-me" signal to the immune system. Cells with CRT expression on their surface can be recognized and engulfed by CD91 + cells (e.g., DCs and macrophages), unless they simultaneously express a "don\'t-eat-me" signal (e.g., CD47) on the plasma membrane.[@bib33]

CRT acts on target DCs via CD91 expressed on their surface to promote the release of pro-inflammatory cytokines (e.g., TNF-α and IL-6) and modulate the activity of type 17 helper T (Th17) cells in an immunosuppressive tumor bed. The binding of CRT to CD91 also facilitates the recruitment of antigen-presenting cells (e.g., DCs) into the tumor bed, engulfment of tumor cells by DCs, and optimal antigen presentation to T cells, eventually leading to activation of the immune system.[@bib34] Clinical evidence suggests a correlation between disease outcomes and CRT cell-surface translocation and CD47 surface expression in cancer cells. For example, deficient CRT exposure in colorectal tumor cells is associated with loss of TILs and poor prognosis.[@bib35] CRT expression and lack of CD47 expression on the surface of acute myeloid leukemia (AML) cells are associated with favorable anticancer immune response and higher survival rate in AML patients.[@bib36] Furthermore, CRT expression accompanied by CD47 exposure on the membrane of cancer cells is correlated with poor prognosis of neuroblastoma, bladder cancer and mantle cell lymphoma patients.[@bib37] Collectively, these findings indicate that CRT cell-surface translocation is a key event in ICD-mediated activation of the immune response.

ATP release {#sec3.2}
-----------

ATP secretion from tumor cells can also trigger an immune response, and is often associated with autophagy, a normal physiological process in response to stress or nutrients deprivation.[@bib23], [@bib38] During autophagy, cytoplasmic content is sequestered into double-membraned organelles through a series of ordered events, including formation of autophagosomes, lysosomal fusion, and cargo digestion, which allow recycling of building blocks of cells into energy metabolic/anabolic reactions.[@bib38] Blocking autophagy by a pharmacological or genetic approach limited extracellular release of ATP without affecting either CRT translocation or HMGB1 secretion, and resulted in poor recruitment of macrophages and DCs, compromised anticancer immunity and unfavorable antitumor response.[@bib23] Autophagy has an antitumor effect and is often suppressed in tumor cells.[@bib39], [@bib40] Autophagy-deficient tumors exhibited reduced ATP secretion and TILs in response to chemotherapy, further suggesting that autophagy suppression can be utilized by malignant cells to evade immunosurveillance.[@bib23]

The level of extracellular ATP in response to chemotherapy is affected not only by autophagy, but also by ectonucleotidases (e.g., CD39 and CD73). CD39 catalyzes ATP hydrolysis, and the resulting products (e.g., ADP and AMP) are further hydrolyzed to immunosuppressive adenosine. This resulted in an extremely low level of ATP in the extracellular milieu.[@bib41], [@bib42] TILs expressing CD39 (e.g., Treg and Th17 cells) have been shown to blunt immune response and promote tumor growth.[@bib43], [@bib44] Interestingly, CD39/CD73-transfected cancer cells were refractory to chemotherapy or immunotherapy, which can be overcame by CD73-blocking antibodies that restore the activity of CD8+ T lymphocytes.[@bib42], [@bib45]

Extracellular ATP liberated from dying tumor cells generates a strong "find-me" signal for DCs and macrophages, upon its binding to P2Y2 receptors expressed on the surface of the target cells.[@bib46] In line with this notion, administration of ATPγS, an ATP analog that cannot be metabolized by CD39 and CD73, leads to the recruitment of DCs in a P2Y2-dependent manner.[@bib47] Extracellular ATP not only attracts immune cells into the tumor bed, but also modulates their activity. For example, ATP can induce the maturation of myeloid-derived DCs, which is accompanied by increased expression of CD40, CD80, CD83, and CD86, and also promote macrophage expansion through formation of lamellipodial membrane protrusions.[@bib46]

HMGB1 release {#sec3.3}
-------------

HMGB1 is released from dying cells that are undergoing necrosis including programmed necrosis (necroptosis), as well as from immune cells that recognize pathogens.[@bib48] Upon its release, HMGB1 triggers a strong inflammatory response, and inhibition of HMGB1 using blocking antibodies or siRNAs suppressed anthracycline-induced anticancer immunity.[@bib25] In this context, HMGB1 activates DCs and stimulates an optimal presentation of tumor-associated antigens to T cells, upon its binding to TLR4. TLR4 is associated with ICD signaling, and inactivation of TLR4 diminished the DC-based cross-presentation of cancer-associated antigens and caused immune deficiency.[@bib25] RAGE (receptor for advanced glycation endproducts) is another important receptor for HMGB1. Binding of HMGB1 to RAGE promotes DCs\' maturation and migration through activation of MAPKs (p38 and ERK1/2) and NF-κB.[@bib49]

Negative regulation of ICD by the anti-phagocytic signal and oncogenes {#sec3.4}
----------------------------------------------------------------------

Recent studies have identified CD47, a cell-surface glycoprotein and essential anti-phagocytic signal, as a potential negative regulator of ICD.[@bib50] The inhibitory effect of CD47 on phagocytosis is mediated by its binding to signal-regulatory protein α (SIRPα), which is expressed on macrophages and DCs. CD47 is expressed in all human solid tumor cells and protects them from being recognized and cleared by innate immunosurveillance. High *CD47* mRNA expression is associated with poor survival of cancer patients.[@bib51] CD47 blockade by antibodies has been explored in various preclinical models, and is also being tested in multiple ongoing clinical trials.[@bib37], [@bib52] Recent findings indicate that the CD47-SIRPα signaling pathway determines the clearance of cytosolic DNA in DCs, and anti-CD47 antibodies suppress cytosolic DNA degradation, leading to activation of the cGAS-STING-IRF3 pathway and adaptive antitumor immunity.[@bib53]

Recent studies have revealed the mechanisms and upstream regulators that contribute to upregulation of CD47 in cancer cells. It was shown that the TNF/NF-κB1 pathway directly regulates CD47 in breast cancer cells through a CD47-associated super-enhancer.[@bib54] CD47 could also be upregulated by hypoxia-inducible factor 1 (HIF-1) in breast cancer cells to promote evasion of phagocytosis and maintenance of cancer stem cells.[@bib55] c-Myc oncoprotein was found to upregulate *CD47* and *PD-L1* expression by directly binding to their promoters, and c-Myc depletion decreased the expression of CD47 in a variety of tumor cell lines.[@bib56] In addition, c-Myc can mediate immune escape by directly binding to the *STAT1* promoter to suppress the type I and type II IFN response, as well as by indirectly reducing the secretion of IFNβ.[@bib57] Inactivation of oncogenes such as *c-Myc* often induces tumor cell death with features of ICD, and represents a promising strategy to elicit antitumor immunity.[@bib58], [@bib59] A number of chemotherapeutic agents can downregulate c-Myc, which may restore antitumor immune response and promote remodeling of the TME.

Induction of ICD by cytotoxic chemotherapeutics {#sec4}
===============================================

Conventional cytotoxic chemotherapeutics are generally classified according to their mechanisms of action: (1) alkylating agents that elicit inter- and intra-strand DNA crosslinks that destabilize DNA during replication (e.g., cyclophosphamide and oxaliplatin); (2) antimetabolites that disrupt DNA and/or RNA synthesis (e.g., 5-fluorouracil, gemcitabine, and mitoxantrone); (3) topoisomerase inhibitors that interfere with the DNA unwinding process during DNA replication and transcription (e.g., irinotecan); (4) microtubule poisons that inhibit tubulin polymerization/depolymerization and cause mitotic arrest (e.g., paclitaxel); (5) cytotoxic antibiotics that kill cancer cells via excessive production of ROS and DNA intercalation (e.g., anthracyclines and bleomycin). The immunogenic effects of these agents were largely neglected in previous studies that mostly utilized cell culture and immune-deficient animal models. In the past, promising anticancer agents were often moved forward into clinical trials without a thorough analysis of their immune modulatory effects. Most attention was paid to the common side effects of myelosuppression and lymphopenia of conventional chemotherapy, rather than chemotherapy-induced antitumor immune response.

Accumulating evidence indicates that the clinical success of chemotherapy is not solely attributed to tumor cell toxicity, but also the restoration of immunosurveillance ([Table 1](#tbl1){ref-type="table"}). It is now clear that a subset of chemotherapeutics can elicit the immunogenicity of tumor cells and modulate the density, composition, distribution and function of TILs, to influcence prognosis and differential therapeutic responses in cancer patients.[@bib60], [@bib61], [@bib62], [@bib63], [@bib64] These agents can induce ICD to stimulate local antitumor immune response and facilitate immune infiltration through various mechanisms.[@bib65], [@bib66] For example, chemotherapy-induced phosphorylation of p53 upregulates the NKG2D ligands presented on the membrane of target tumor cells, improving their recognition by NKG2D + NK cells.[@bib67] Chemotherapy-induced membrane expression of heat shock proteins (e.g., HSP70 and HSP90) also contributes to immune stimulation.[@bib68], [@bib69] The ICD-inducing chemotherapeutics are compatible with other immune stimulatory agents. For instance, DNA-, peptide-, or DC-based vaccines trigger anticancer immunological effects in patients administered with conventional chemotherapeutics.[@bib70] Although the majority of conventional chemotherapeutic agents are incapable of inducing ICD, their efficacy can be significantly improved by the co-administration of chemicals that produce ICD-associated DAMPs. Therefore, the effects on antitumor immune response need to be taken into consideration to improve chemotherapy regimens.Table 1Antitumor immunological effects of conventional chemotherapy.Table 1Conventional chemotherapeuticsMajor targetsICD-associated DAMPsClinical useEvidence of antitumor immunityCylophosphamideDNA and RNACell-surface CRT,Lymphomas, brain cancer, leukemia,Deplete Treg cells, favor the expansion ofHMGB1 and ATP secretionand some solid tumorsNK cells and stimulate DCs to produce IL-12OxaliplatinDNA and RNA synthesisCell-surface CRT,Colorectal cancerIncrease the CTL/Treg cell ratio, deplete MDSCs,HMGB1 and ATP secretionand improve the activity of neutrophils and macrophages5-FUThymidylate synthase inhibitorHMGB1 and ATP secretionColorectal, breast cancer, GISTIncrease the frequency of tumor-infiltrating CTLs,DNA replicationand deplete circulating MDSCsGemcitabineDNA replicationHMGB1 and ATP secretionNSCLC, pancreatic, bladder,Stimulate cross-priming of CTLs, increase the number ofbreast cancerimmunostimulatory TAMs, and deplete circulating MDSCsMitoxantroneDNA and RNA synthesis,Cell-surface CRT and ERp57,Leukemias, Hodgkin\'s lymphomaIncrease the CTL/Treg cell ratio,and anthracyclinestopoisomerase II, ROSHMGB1 and ATP secretionbreast, colon, lung cancer and so onand deplete circulating Treg cellsBleomycinDNA strand breaks, ROSCell-surface CRT and ERp57,Testicular cancer, ovarian cancer,Stimulate ICDBortezomib26S proteasomeCell-surface HSP90Multiple melanoma, mantle cell lymphomaStimulate ICD[^1]

Alkylating agents {#sec4.1}
-----------------

Alkylating agents can elicit an antitumor immune response by directly affecting the immune cells. For example, cyclophosphamide reinstated the activity of T and NK cells by ablating Tregs in TME.[@bib71] The gram-positive bacteria of the intestinal microbiota contribute to the cyclophosphamide-induced immune stimulation in mice.[@bib72] Cyclophosphamide treatment also promoted translocation of gram-positive bacteria to secondary lymphoid organs via gap junctions in the intestinal epithelium, which stimulates the production of Th17 cells and secretion of IL-17 and IFNγ, resulting in potent antitumor immunity.[@bib72] A variety of transplantable tumors and carcinogen-induced mouse tumors were more sensitive to oxaliplatin/anthracycline treatment when growing in a syngeneic immuno-competent host, compared to an immuno-deficient host.[@bib23], [@bib25], [@bib73], [@bib74] Interestingly, agents with similar chemical structures may have very different immunological consequences. For example, oxaliplatin, but not cisplatin, is a potent inducer of ICD, and can trigger ER stress and antitumor immunity against both transplantable and oncogene-driven murine tumors.[@bib75], [@bib76] A combination of cisplatin and chemicals that cause ER stress can induce ICD.[@bib77], [@bib78]

Antimetabolites {#sec4.2}
---------------

Antimetabolites such as Mitoxantrone were found to facilitate tumor infiltration of immune cells in mouse models. Their therapeutic efficacy can be attenuated by: (1) depletion of CTLs and γδ T cells, but without an association with diminished NK cells and B lymphocytes[@bib24], [@bib73], [@bib79]; (2) repression of tumor-infiltrating DCs by an anti-CD11b antibody or P2RY2 inhibitors;[@bib80], [@bib81] (3) genetic or pharmacological inhibition of immuno-stimulatory cytokines (e.g., type I IFN, IFNγ, IL-1β, and IL-17) or their receptors[@bib24], [@bib25], [@bib26], [@bib82]; or (4) blockade of DAMP secretion from dying tumor cells.[@bib83] Gemcitabine, a nucleoside analog widely used for treating breast cancer, non-small cell lung carcinoma (NSCLC), and pancreatic cancer, is capable of stimulating cross-priming of CD8+ T cells, increasing the number of immuno-stimulatory tumor-associated macrophages (TAMs), and depleting circulating myeloid-derived suppressor cells (MDSCs) in mouse models.[@bib84], [@bib85], [@bib86] 5-Fluorouracil (5-FU) can also deplete MDSCs in mouse models.[@bib87] A positive association was found between tumor-infiltrating CTLs and clinical outcomes of colorectal cancer patients treated with 5-FU-based chemotherapy.[@bib88] In combination with radiotherapy, 5-FU enhances the tumor-infiltrating CTLs in locally advanced rectal cancer, leading to a favorable therapeutic response of patients.[@bib89]

Cytotoxic antibiotics {#sec4.3}
---------------------

Doxorubicin markedly changes the immune infiltrate of breast tumors,[@bib90] and high infiltration of CTLs in breast tumors at diagnosis predicts favorable therapeutic response.[@bib19], [@bib91] The immuno-stimulatory effect of anthracyclines has been shown to result from their cytotoxicity to cancer cells through a multipronged adaptive stress response, involving autophagy, ER stress response, and type I IFN pathways. Autophagy is obligatory for dying tumor cells to release ATP that works both as a chemotactic (via binding to P2RY2) and as an immuno-stimulatory (via binding to P2RX2) factor for DCs.[@bib23] Cell-surface CRT elicited by ER stress stimulates the recognition of tumor-associated antigens and engulfment of tumor cells by DCs upon binding to CD91.[@bib28] In anthracycline-treated tumor cells, autocrine/paracrine type I IFN response is involved in the secretion of CXCL10, which is chemoattractant to lymphocytes.[@bib82] Upon binding to TLR4 and RAGE, HMGB1 released from dying tumor cells boosts the activation and maturation of DCs.[@bib25]

Bleomycin is a cytotoxic antibiotic glycopeptide that causes DNA damage by over-generation of ROS.[@bib92] It is clinically administered to patients with testicular cancer and Hodgkin\'s lymphoma.[@bib93] Similar to anthracyclines and oxaliplatin, bleomycin is capable of eliciting ICD via ER stress response and ROS generation, which lead to membrane translocation of ER proteins (e.g., CRT and ERp57). Bleomycin-induced autophagy stimulated the release of HMGB1 and ATP from dying tumor cells. ICD induction by bleomycin reactivated the antitumor immunity mediated by CD8+ T cells.[@bib94] In addition, bleomycin treatment facilitates the release of transforming growth factor β (TGFβ) from dying tumor cells, leading to the spreading of FOXP3+ Tregs. Interestingly, the therapeutic efficacy of bleomycin was greatly improved by the ablation of TGFβ and/or Tregs.[@bib83]

Other drugs {#sec4.4}
-----------

Bortezomib is a specific inhibitor of the 26S proteasome subunit that has exhibited favorable therapeutic efficacy in several types of cancer. Bortezomib-induced apoptosis in cancer cells generally results from the suppression of NF-κB and/or induction of unfolded protein response.[@bib95] The restoration of immunogenicity of bortezomib-treated dying cancer cells was initiated from the phagocytosis process between DCs and dying cancer cells, and was regulated by bortezomib-induced upregulation of HSP90 on the plasma membrane of dying cancer cells.[@bib68] DCs are primarily involved in the uptake and presentation of antigens from dying cells. Expansion of antitumor T cells is modulated through the cross-presentation of tumor antigens by DCs. Interestingly, addition of an HSP90 inhibitor significantly promoted bortezomib-induced apoptosis in cancer cells, but abolished immunogenicity.[@bib68] Therefore, HSP90 cell-surface exposure might be another important \"eat me\" signal of ICD in addition to CRT exposure.

Combinations of chemotherapy and immunotherapy {#sec5}
==============================================

Understanding the immunological effects of chemotherapy has helped design a variety of combination regimens with potentially improved efficacy. For example, CTLA4 (cytotoxic T lymphocyte-associated protein 4) neutralizing antibodies can be used to increase the immuno-stimulatory effect of gemcitabine by ablating tumor-infiltrating Tregs.[@bib96] Such combinations can also be used to mitigate immunosuppressive effects of certain chemotherapies. For example, bleomycin induces CTL-dependent antitumor immunity, but also boosts TGFβ1-dependent spreading of immunosuppressive Tregs, which can be suppressed by co-administration of a TGFβ1 antibody.[@bib94] Anti-CD47 antibodies have shown promises in preclinical studies on brain, breast, colon, and ovary tumors, but are not sufficiently effective for eradicating these tumors.[@bib51] A combination of CD47 blockade with other therapeutic agents can enhance cell-surface CRT and/or eliminate Tregs and MDSCs.[@bib52] Numerous clinical trials have demonstrated the additive/synergistic effects of chemotherapy in combination with ICB-based immunotherapy.[@bib97] For example, the therapeutic efficacy of carboplatin or paclitaxel can be significantly increased by the co-administration of the anti-CTLA4 antibody ipilimumab in small cell lung carcinoma and NSCLC.[@bib98], [@bib99] We expect that the results of these trials will provide invaluable information on how to better combine chemotherapy and immunotherapy to improve the clinical management of cancer.

Perspectives and conclusions {#sec6}
============================

Molecular mechanisms of ICD remain to be further delineated. For example, it is still unclear why p53-dependent apoptosis mediated through the intrinsic pathway is less immunogenic than that involving ER stress. Necroptosis is a highly immunogenic form of cell death.[@bib100] However, the functional role of necroptosis in chemotherapy has not been well defined.[@bib101] The interplays and crosstalk of different cell death pathways, such as apoptosis, necroptosis, ferroptosis, pyroptosis, and autophagy, in determining the immunological consequences of chemotherapy remain to be elucidated. In addition to c-Myc, the effect of other cancer drivers on ICD and the immunological effects of chemotherapy also need to be established. ICD can be induced in response to other pathological conditions, and is involved in tissue injury and damage repair. It is important to understand the differences between the chemotherapy-induced ICD in tumor cells and that involved in normal physiological process and other pathological conditions, in order to more specifically target tumor cells.

Several strategies have been explored to harness the immunological effects of chemotherapy. The immunological markers such as alterations of TIL density, composition, function and localization as the result of treatment have been increasingly recognized as a valuable predictor for clinical outcomes. The ICD hallmarks such as cell-surface CRT exposure, ATP secretion and HMGB1 release in tumor tissues have been analyzed and potentially useful as biomarkers for predicting favorable prognosis and survival of cancer patients.[@bib102] Combinations of markers from tumor cells and local and systematic immune response remain to be explored, and may help to improve the predictive power of applying these markers. Further defining the molecular mechanisms and biomarkers of ICD will undoubtedly help rational design of new combination regimens for improving therapeutic efficacy.

In conclusion, emerging preclinical and clinical evidence supports the concept that conventional chemotherapeutics can engage the immune system to act beyond tumor cells, which can be manipulated and will hopefully provide lasting benefits to cancer patients via enhanced and long-term immunosurveillance of minimum residual disease. It might be very useful to test promising anticancer drugs or combinations for their capability to induce ICD in immuno-competent models to boost antitumor immunity and improve therapeutic efficacy.

Conflicts of interest {#sec7}
=====================

There is no conflict of interest.

We apologize for not being able to cite many excellent original articles by our colleagues due to space limitation. We thank our lab members for critical reading. Research in the authors' labs is supported U.S. National Institutes of Health grants (R01CA172136, R01CA203028 and R01CA201741 to L.Z.; U19AI068021 and R01CA215481 to J.Y.; and P30CA047904 to the UPMC Hillman Cancer Center).

Peer review under responsibility of Chongqing Medical University.

[^1]: Abbreviations: ICD, immunogenic cell death; DAMPs, damage-associated molecular patterns; ROS, radical oxygen species; CRT, calreticulin; CTL, cytotoxic T lymphocytes; Treg, regulatory T cells; NK, natural killer; DCs, dendritic cells; IL-12, interleukin-12; HMGB1, high-mobility group protein B1; ATP, adenosine triphosphate; HSP, heat-shock protein; MDSCs, myeloid-derived suppressor cells; TAMs, tumor-associated macrophages.
